Ascorbic acid is synthesised by eukaryotes, the known exceptions being primates and some other animal groups which have lost functional gulonolactone oxidase. Prokaryotes do not synthesise ascorbate and do not need an ascorbate supply, so the functions that are essential for mammals and plants are not required or are substituted by other compounds. The ability of ascorbate to donate electrons enables it to act as a free radical scavenger and to reduce higher oxidation states of iron to Fe 2+ . These reactions are the basis of its biological activity along with the relative stability of the resulting resonance stabilised monodehydroascorbate radical. The importance of these properties is emphasised by the evolution of at least three biosynthetic pathways and production of an ascorbate analogue, erythroascorbate, by fungi. The iron reducing activity of ascorbate maintains the reactive centre Fe 2+ of 2-oxoglutarate-dependent dioxygenases (2-ODDs) thus preventing inactivation. These enzymes have diverse functions and, recently, the possibility that ascorbate status in mammals could influence 2-ODDs involved in histone and DNA demethylation thereby influencing stem cell differentiation and cancer has been uncovered. Ascorbate is involved in iron uptake and transport in plants and animals. While the above biochemical functions are shared between mammals and plants, ascorbate peroxidase (APX) is an enzyme family limited to plants and photosynthetic protists. It provides these organisms with increased capacity to remove H 2 O 2 produced by photosynthetic electron transport and photorespiration. The Fe reducing activity of ascorbate enables hydroxyl radical production (pro-oxidant effect) and the reactivity of dehydroascorbate (DHA) and reaction of its degradation products with proteins (dehydroascorbylation and glycation) is potentially damaging. Ascorbate status influences gene expression in plants and mammals but at present there is little evidence that it acts as a specific signalling molecule. It most likely acts indirectly by influencing the redox state of thiols and 2-ODD activity. However, the possibility that dehydroascorbylation is a regulatory post-translational protein modification could be explored.
Introduction
Ascorbic acid (ascorbate, vitamin C) is a simultaneously well-known and surprisingly poorly-understood compound. It is synthesised only by eukaryotes and, to date, chemical analyses have not provided strong evidence for its synthesis by prokaryotes. A number of animal groups, including primates, lack ascorbate biosynthesis capacity due to loss of function mutations in the biosynthetic enzyme L-gulono-1,4-lactone oxidase [1] but according to genome sequence analysis biosynthesis capacity may be lacking in other protist groups [2] . There has been much speculation about the reasons for loss of ascorbate biosynthesis capacity but no easily testable hypotheses have emerged. It is essential for both plants and mammals but not for prokaryotes. This difference must reflect divergence between the radical removal and redox systems or the enzyme cofactor requirements of eukaryotes and prokaryotes, unless the latter have an unidentified substitute "reductone". Additionally the requirement for ascorbate has driven the evolution of at least three different biosynthetic pathways and the production of Derythroascorbate, a 5C analogue, in fungi. Given this situation, it is interesting that the literature on ascorbate functions in mammals, and particularly in work using cultured mammalian cells, has a focus its pro-oxidant effects [3, 4] , which has perhaps coloured perceptions of its function. There are likely to be differences in the handling of exogenous ascorbate by mammals with or without ascorbate biosynthesis capacity considering that primates have been evolving for 60 million years without biosynthesis [5] . Comparison between rodent models and humans is therefore not straightforward [3] . Furthermore, supplementation studies and nutritional trials have mixed results in supporting claims that large doses have specific health benefits. This review will focus on the biochemistry of ascorbate in relation to its proposed functions in plants and will make selected comparisons to mammals.
Ascorbate chemistry: antioxidant and other functions
The chemistry of ascorbate is surprisingly complex and has been well-reviewed [6] [7] [8] . The redox reactions of ascorbate are shown in Fig. 1 . The one electron oxidation product of ascorbate is the monodehydroascorbate (MDHA) radical and this is probably the key determinant of its biological role. Because of resonance stabilization, MDHA does not readily react with oxygen or other molecules to generate more reactive radicals and hence is very effective as a radical scavenger. Ascorbate reacts with biologically-generated radicals such as superoxide, tocopheroxyl radicals and alkoxyl/peroxyl radicals with rate constants of > 10 5 M -1 s -1 [9, 10] . Therefore, at sufficiently high concentration, ascorbate could complement SOD in superoxide removal in vivo and has the potential to regenerate tocopherol from tocopheroxyl radicals in vivo [11, 12] . A possible superoxide removing function was indeed pointed out by Halliwell and Foyer some time ago [13] . Superoxide reacts very rapidly with NO to produce peroxinitrite, which can then generate further radicals and cause tyrosine nitration. Ascorbate is able to effectively scavenge superoxide and prevent tyrosine nitration in vivo at a concentration of 10 mM [14] . While the range of intracellular ascorbate concentrations in mammalian cells is 0.1-5 mM [8] and therefore may not be significant for superoxide scavenging, it approaches 10-25 mM or more in chloroplasts [15, 16] and 10 mM in neurons [17] and could therefore cooperate with SOD to remove superoxide and decrease peroxinitrite formation. Ascorbate can reduce amino acid radicals (e.g. tyrosine, tryptophan) effectively [18, 19] . In this respect it is more reactive than GSH and also could be seen as a preferred route because one electron donation by GSH produces the reactive and damaging thiyl radical [18] . Conversely, ascorbate can autoxidise, generating superoxide and its dismutation product H 2 O 2 (rate constant 3 * 10 2 M -1 s -1 ). However, this reaction depends on the dianion form which is only substantially abundant at very high pH [8] .
MDHA dismutates to produce dehydroascorbate (DHA) plus ascorbate in an equilibrium reaction that is far in favour of ascorbate +DHA. While the structure DHA is often shown as a tri-carbonyl, this form is extremely unstable and in solution it is almost entirely present in the hydrated hemiacetal form (Fig. 1 ) [20] . In this review DHA refers to both forms. In contrast to its relatively fast reaction with superoxide and other radicals, ascorbate reacts slowly with H 2 O 2 (rate constant 2 M -1 s -1 at pH 7) [21] . In green plants and a number of other photosynthetic protists, H 2 O 2 removal is catalysed by a specialised family of haem containing ascorbate peroxidases (APXs). Although APX activity has been reported in a number of non-plants, it appears that a fundamental difference between mammals and plants is an additional high capacity H 2 O 2 ascorbate-based scavenging system [2, 22] in the latter to complement catalase as well as the more widely conserved peroxiredoxin and glutathione peroxidase-like systems [23, 24] . Plants also possess specialised enzymes for regenerating ascorbate from MDHA and DHA, which are not present in animals. However, animals do contain different enzymes with these activities (Section 8). MDHA radicals can be detected by electron paramagnetic resonance spectroscopy in vivo and increase in leaves under oxidative stress [25] . Ascorbate has been reported to reduce the sulfenic acid form of 1-Cys peroxiredoxin to the thiol state [26] . This is surprising and more work is needed to determine the physiological significance of this reaction. Because of its electron donating activity, ascorbate can cause radical production and therefore it can act as a pro-oxidant. Pro-oxidant effects are most likely to occur when ascorbate concentration is low so that balancing antioxidant effects are small. A well-characterised pro-oxidant effect of ascorbate derives from its ability to reduce Fe 3+ and Cu 2+ , resulting in hydroxyl radical production in the Fenton reaction between Fe 2+ /Cu + and H 2 O 2 [9] . Fe 2+ can also reduce oxygen to superoxide, with generation of H 2 O 2 . If "free" redox-active metals are present then the pro-oxidant effect of ascorbate is greatly increased. This effect underlies the reports of ascorbate toxicity in mammalian cell cultures and the low (or lack of) ascorbate addition to culture media [3, 8, 27] . A critical study which varied ascorbate and Fe concentration in plasma provided no evidence for a pro-oxidant effect (lipid peroxidation) and rather showed a protective effect of ascorbate [28] . Large doses of ascorbate have been proposed as a cancer therapy because the altered metabolism of tumour cells makes them sensitive to its prooxidant effects [8] , although ascorbate-mediated epigenetic effects have been proposed as well (Section 7). However, to achieve sufficiently high plasma concentration to damage tumour cells, it must be delivered intravenously to bypass the normal control of plasma ascorbate levels by uptake by the gut. Non-enzymatic DHA degradation also generates H 2 O 2 and might provide a significant H 2 O 2 source in plant cell walls [29] . The Fe reducing ability of ascorbate is the basis of its best-known function in maintaining the activity of 2-oxoglutarate-dependent dioxygenases (Section 7).
The [31] . The presence of ascorbate in the apoplast is well characterised, along with an apoplastic enzyme ascorbate oxidase, which affects its oxidation state [32] . However, critically, the nature of the transporters which enable ascorbate efflux and dehydroascorbate uptake in plants is unknown. Fe deficiency in the green alga Chlamydomonas causes a very large increase in ascorbate and expression of the homologue of the Arabidopsis biosynthesis gene VTC2, suggesting a role in iron uptake [33] . Ascorbate may also play a role in facilitating Fe uptake and homeostasis in mammals [34, 35] . As well as redox-related reactions, ascorbate reacts with electrophiles and DHA reacts with nucleophiles. Cosequently, a number of naturally-occurring conjugates have been reported [36] [37] [38] [39] . Ascorbate is involved in the specialised glucosinolate (mustard oil glycoside)-based defence mechanism of cruciferous plants. During attack by insects, glucosinolates are broken down to release isothiocyanates or nitriles, the former acting as a feeding deterrent for generalist herbivores or as an attractant for specialized herbivores [40] . Ascorbate and indole-3-carbinol, a breakdown product of indole glucosinolates, react to form ascorbigen [36, 41] . Glucosinolates are hydrolysed by myrosinase, a thioglucosidase which has an ascorbate requirement. Uniquely, ascorbate is associated with the active site of myrosinase and is part of its catalytic mechanism [42] .
DHA reacts with cysteine, lysine and arginine residues to form dehydroascorbylated proteins [43] [44] [45] [46] [47] and also reacts with guanosine [48] . In the case of the eye, which has high ascorbate concentration, DHA and its breakdown products cause glycation of eye lens proteins such as crystallin [49] and a GSH-DHA adduct forms in Jurkat cells fed with DHA [50] . It is possible that dehydroascorbylation could act as a specific regulatory post-translational protein modification responding to increased ascorbate oxidation rather than as generic damage, but so far there is no evidence for this role.
Naturally-occurring ascorbate derivatives and analogues
A range of ascorbate-like compounds occur in different groups of organisms and there is diversity in the occurrence of esters and glycosides (Fig. 2) . Ascorbate is the most widely distributed and is the only form present in mammals. However, brine shrimp cysts contain ascorbate 2-sulfate which is hydrolysed to release ascorbate when the shrimps become active [51, 52] . Derivatisation of the 2-position stabilises ascorbate against oxidation. Two ascorbate derivatives have been identified in plants: 6-O-glucosyl in curcurbits (squashes) [53] and 2-Oglucosyl in goji berry (Lycium barbarum) fruit [54] . Fungi diverge from other organisms in synthesising D-erythroascorbate, a C5 analogue along with its 5-O-glycosides [55] [56] [57] [58] [59] . Basidiomycete fungi additionally make 6-deoxyascorbate and its 5-O-glycosides [60] . Ascorbate 6-phosphate is synthesised by E. coli as part of its ascorbate uptake and utilisation pathway [61] . A systematic survey of the under-explored groups of eukaryotes might reveal further diversity of ascorbate analogues (reductones) or replacements that satisfy the key features of an enediol group which acts as a one electron donor antioxidant forming a "resonance stabilised" free radical oxidation product. Fig. 2 . The diversity of ascorbate and its derivatives. All are naturally occurring with the possible exception of the phosphate and fatty acid esters. However, the esterification of ascorbate at C2 and 2-O-glycosylation protects the reactive enediol group allowing these derivatives to be used as stable food supplements.
Ascorbate biosynthesis
Ascorbate is most likely not made or required by prokaryotes. Selected eukaryote groups (including primates and teleost fish) have lost a functional gene encoding the last enzyme in the pathway and have to obtain dietary vitamin C [1] . Analysis of genome sequences suggests a few other eukaryotic groups (e.g. ciliates) may also lack biosynthetic capacity [2] . Ascorbate biosynthesis pathways differ between animals, green plants and photosynthetic protists [2, 62] while, as noted in the previous section, fungi synthesise a 5C analogue of ascorbate, D-erythroascorbate. Recent evidence suggests that the nematode Caenorhabditis elegans contains ascorbate but does not use any of the known pathways [63] . Ascorbate biosynthesis pathways have been well-reviewed [2, 57, [64] [65] [66] and recent developments are minimal, so they will only be outlined here (Fig. 3) . In green plants, despite repetitive claims in numerous publications, there is only definitive evidence for the D-mannose/L-galactose (Smirnoff-Wheeler) pathway but tantalising suggestions for incorporation of D-galacturonic acid in some tissues such as tomato fruit [67] . In mammals, ascorbate is synthesised in the liver but, presumably because it is not made by humans, details of pathway control have received very little attention since the 1960s. Knockout mutants in mice [68] have identified the lactonase ( Fig. 3 ) and provide experimental material for probing ascorbate function more deeply. The final step in the mammalian pathway is catalysed by Lgulono-1,4-lactone oxidase, an FAD-linked enzyme which appears to be associated with the endoplasmic reticulum (Fig. 5 ). Its precise location is not known but it is assumed to produce ascorbate on the lumenal side of the ER membrane with the production of H 2 O 2 [64] . A number of generally un-testable hypotheses have been advanced to explain loss of ascorbate biosynthesis capacity in primates, teleost fish and other scattered animal species, including avoidance of H 2 O 2 production by gulonolactone oxidase and replacement of ascorbate with uric acid as an antioxidant since the loss of gulonolactone oxidase is correlated with loss of uricase [69] . The UDP-glucuronate used for ascorbate synthesis is also required for detoxification and excretion of toxins and drugs by glucuronidation. It is possible that removal of ascorbate biosynthesis, which is estimated to comprise 30% of the flux through UDP-glucuronate in rat liver [64] improves the capacity to detoxify dietary phytochemicals by glucuronidation. Beyond this, any other factors controlling the rate of ascorbate synthesis in mammals are not known. In plants and green algae, the current view is that control of pathway flux resides largely at the GDP-L-galactose phosphorylase step which is encoded by the paralogues VTC2 and VTC5 in Arabidopsis thaliana [65, 70] . This is the first step in the D-mannose/L-galactose pathway that is dedicated to ascorbate synthesis. Arabidopsis leaf ascorbate concentration adjusts to light intensity over a period of 4 days [71] showing a close relationship with the photosynthetic light response curve. VTC2 and VTC5 transcripts are increased by high light intensity, possibly via a photosynthesis-sourced signal [72] [73] [74] . Ascorbate accumulation is induced by low and high temperature and nitrogen deficiency [75, 76] ; stresses which limit photosynthesis rate and, like high light intensity, give rise to excess excitation energy. VTC2 and VTC5 expression does not respond to H 2 O 2 or other oxidative stresses suggesting that the signal is not ROS related, although algae differ since the Chlamydomonas VTC2 orthologue is strongly induced by H 2 O 2 , singlet oxygen and tert-butyl hydroperoxide [77] [78] [79] . To maintain the appropriate ascorbate concentration, its rate of synthesis is repressed as ascorbate increases and the rate of breakdown increases [80] . VTC2 is proposed as the step responsible for feedback inhibition via decreased translation. Laing et al. suggest that a small ascorbate binding peptide, encoded by a uORF, influences translation of VTC2 mRNA. This is an intriguing hypothesis but the existence of this peptide and its effect on translation have not been directly measured. The last step of ascorbate biosynthesis in plants is catalysed by L-galactono-1,4-lactone dehydrogenase. It is located in complex 1 of the mitochondrial electron transport chain (Figs. 3 and 5 ) and, as well as forming ascorbate [81] [82] [83] , it is required as a chaperone for assembly of complex 1 [84] [85] [86] . This dual role is intriguing and suggests a link between mitochondrial function and ascorbate whose role is not entirely obvious.
Ascorbate and dehydroascorbate catabolism
The ascorbate pool undergoes turnover in plants [80, [87] [88] [89] . Turnover is increased by oxidative stress thus decreasing the total ascorbate pool. For example, this occurs in catalase mutants and when catalase activity is inhibited by aminotriazole [90, 91] . Ascorbate Fig. 3 . The currently known ascorbate biosynthesis pathways in mammals, plants, photosynthetic protists and fungi. In all cases, the final step is oxidation of an aldono-1,4-lactone to ascorbate using an FAD-linked oxidase or dehydrogenase. The oxidase generates H 2 O 2 as well as ascorbate. The series of reactions generating the aldono-1,4-lactone differs between groups. Photosynthetic protists evolved from a secondary endosymbiosis between a nonphotosynthetic ancestor and algae, so it is proposed that this pathway represents a hybrid of the plant and mammalian pathways [2] . catabolism causes extensive post-harvest loss from salad leaves [92] . The additional radical production caused by smoking results in a increased daily requirement for ascorbate to maintain plasma concentration [93] . In leaves, there is a strong relationship between ascorbate and light via light-induced and circadian expression of the biosynthetic genes VTC2 and VTC5 (Section 4). Through normal light/ dark cycles ascorbate only fluctuates to a small extent but when the dark period is extended, ascorbate pool size and VTC2/5 expression are decreased [72, [87] [88] [89] . The rapid ascorbate loss in extended dark occurs along with the induction of a range of carbohydrate starvation responses that are induced by this treatment [94] . The final stable products of DHA catabolism differ between species, with oxalic and threonic acid being the most common [89, 92] . The pathway for production of these compounds from DHA under apoplastic conditions involves a mixture of non-enzymatic and enzymatic steps including intermediates such as 4-O-oxalyl L-threonate (Fig. 4) [29, 95] . DHA also hydrolyses to 2,3-L-diketogulonate. This compound, under apoplastic conditions, is oxidised to a currently unidentified compound (Compound 1) which can generate H 2 O 2 non-enzymatically and also inhibits peroxidase. Interestingly, compound 1 is destroyed by ascorbate oxidase (a prominent cell wall localised enzyme) so may have an enediol group [96] . These reactions provide the possibility that this DHA derivative could influence pathogen defence responses and cell wall polymer cross linking processes that depend on H 2 O 2 and type III peroxidases. Studies of ascorbate/DHA breakdown products have to a large extent been carried out under apoplastic conditions and with exogenously-supplied 14 C-ascorbate. The extent to which ascorbate or DHA are degraded by similar intracellular pathways is unknown. A number of plant species accumulate calcium oxalate crystals in specialised crystal idioblast cells. Labelling and genetic evidence suggests that the oxalate is derived from ascorbate [97] [98] [99] . The pathway or its cellular location is not known although Medicago truncatula mutants with increased oxalate may provide information [99] . Oxalate can also be synthesised from glyoxylate or oxaloactetate and, in rice, it is probably derived from glyoxylate [100] . L-Tartaric acid is a product of ascorbate in plants belonging to the families Vitaceae and Geraniaceae. Red wine drinkers will be familiar with the crystalline precipitate that contains insoluble tartaric acid salts derived from grape ascorbate. In contrast to threonate/oxalate production, this 5 step pathway in grapes uses ascorbate not DHA as precursor. One enzyme, L-idonate dehydrogenase, has been identified [101, 102] . In mammals, as in plants, DHA gives rise to diketogulonate, threonate and oxalate. Additionally, in the eye ascorbate-derived L-erythrulose gives rise 3-deoxythreosone, a reactive osone that glycates lens proteins [103, 104] and C5 aldonic acids which may be converted to D-xylulose 5-P and enter central metabolism via the pentose phosphate pathway [64, 105, 106] . The formation of kidney stones composed of calcium oxalate is often cited as a potential danger of ingesting large amounts of ascorbate but this is probably unlikely in healthy people [3] . In summary, DHA has a complex chemistry and in vivo can produce a range of products some of which are reactive and can damage proteins or give rise to H 2 O 2 . Consequently the ascorbate pool must be maintained by continual biosynthesis or dietary intake, the requirement increasing when DHA production increases during oxidative stress. . DHA undergoes a complex set of reactions, some involving unidentified enzymes, many of which occur in extracellular fluid. There is evidence that oxalate production could also be intracellular in plants. Some of the products are reactive and potentially damaging carbonyl compounds. General pathways are shown with red arrows, plant-specific pathways with green arrows and those demonstrated in mammals with yellow arrows.
Ascorbate distribution and transport
Ascorbate concentration in plants varies between tissues, with highest concentrations in leaves and flowers and lower concentrations in less photosynthetically active tissues such as stems and roots [32] . Ascorbate and DHA disappear from developing seeds as they mature and dehydrate and is accumulated during imbibition and early germination [107] [108] [109] . Ascorbate occurs in all compartments of plant cells in mM concentrations and in the extracellular space (apoplast) where its concentration is 5-10 times lower and it is more oxidised than the intracellular pool (Fig. 5) . In Arabidopsis, the typical leaf ascorbate concentration (2-10 µmol g -1 fresh weight) is higher than any other primary metabolite [110] Ascorbate is transported long distance in the phloem so can move from photosynthetically active leaves to sink tissues such as roots [111, 112] . The mechanism of ascorbate transport in plant cells is a major gap in knowledge. A high affinity uptake system (K m 40 µM) has been demonstrated in Arabidopsis cell cultures which is specific to DHA. Using careful control of ascorbate oxidation to DHA, it was shown that ascorbate transport is negligible [113] and previous reports of ascorbate uptake [114, 115] are likely to be due to oxidation of supplied ascorbate. Plant cell cultures rapidly oxidase ascorbate and this is most likely mediated by the apoplastic ascorbate oxidase (Section 8). Cultured cells exposed to H 2 O 2 release a pulse of ascorbate, which oxidises in the culture medium and is then reabsorbed indicating a possibility that oxidative stress activates an ascorbate efflux system to protect the apoplast [116] . Recently, electrophysiological measurements have provided evidence for ascorbate efflux via an anion channel which is activated by gluconic acid and blocked by anthracene-9-carboxylic acid [117] . The transport proteins responsible for DHA uptake and ascorbate efflux have not yet been identified. Ascorbate/DHA uptake by isolated vacuoles or thylakoid membranes is non-saturable, so may not involve a specific carrier [114, 115] . Ascorbate uptake by chloroplasts is carrier mediated but it is only recently that a transporter was identified as PHT4;4, a member of a phosphate transporter family. Mutants of this transporter had decreased chloroplast ascorbate concentration and impaired non photochemical quenching (an ascorbate-dependent processSection 7) [118, 119] . Considering the amount of residual ascorbate in the chloroplasts of this mutant, other transporters may be required. Mitochondria from tobacco BY2 cells take up ascorbate and DHA (K m 36 µM and 6 µM respectively, with similar V max for both). Uptake of DHA was preferred and, based on inhibitors and competition experiments, DHA uptake could use, or share the use of a glucose transporter [120] . However, since the intracellular ascorbate pool is usually > 90% reduced, it is likely that mitochondrial uptake involves ascorbate as well as DHA.
In mammals, ascorbate uptake across the plasma membrane is mediated by Na-dependent transporters (SVCTs). This process allows concentration from the micromolar plasma concentrations to intracellular concentrations in the millimolar range [8, 121] . As a broad generalisation, the highest concentrations occur in neurons/brain, the eye, phagocytes and the adrenal gland which are tissues particularly exposed oxidative stress or, in the case of the adrenal gland, which house hormone synthesising 2-oxoglutarate-dependent dioxygenases. The occurrence of very high ascorbate in neurons seems to be related the very high aerobic respiration rate which could lead to superoxide production in mitochondria but additional roles in neurotransmission and brain metabolism are evident [122] [123] [124] [125] [126] [127] . DHA uptake is facilitated by GLUTs (glucose transporters), so it follows concentration gradients, allowing reduction to ascorbate in the cell (by DHAR type enzymes) to drive uptake. In humans, there is genetic variation in SVCT expression and it can also decline with age [128] . Therefore, the extent of dietary intake to satisfy demand will vary between individuals. Modulation of transport activity is potentially a way to control intracellular ascorbate status in mammalian cells since, even in those species able to synthesise it, it is distributed from its main site of synthesis in the liver. Ascorbate is often present at low concentration in mammalian cell culture media [129] . This state of affairs seems to be driven by the artefactual prooxidant effect of ascorbate in culture media [130, 131] . Therefore, there is a possibility is that many studies with cell cultures (even in ascorbate synthesising species) will be based on abnormally ascorbate deficient cells, resulting in lack of understanding of its functions or translation to whole bodies [3] . This is being highlighted by recent advances in its effect on epigenetic control of gene expression via 2-ODDs (Section 7).
Ascorbate-dependent enzymes
A number of enzymes require ascorbate and it has distinct roles as a "chaperone" to maintain active centre Fe 2+ (2-oxoglutarate-dependent dioxygenases), a catalytic role in the active site of myrosinase (Section 2) and as a substrate (violaxanthin de-epoxidase). Other enzymes could be affected by ascorbate, an example being mitochondrial glycerol 3-phosphate dehydrogenase from guinea pigs. It is activated several-fold by ascorbate and is proposed to be involved in ascorbate-stimulated insulin release [132] . ) ; ER, endoplasmic reticulum; GalL, L-galactonolactone; GalLDH, L-galactonolactone dehydrogenase; GLUT, DHA transporter; GulL, L-gulonolactone; GulLO, Lgulonolactone oxidase; Mito, mitochondrion; PHT4;4, ascorbate transporter; SVCT, ascorbate-Na co-transporter; Thyl, thylakoid; VDE, ascorbate-dependent violaxanthin de-epoxidase. Shaded rectangles, enzymes and transporters; white circles; transport activities using unidentified proteins.
2-oxoglutarate-dependent dioxygenases: a renaissance in attention for ascorbate
The archetypal understanding of ascorbate function derives from the severe deficiency disease scurvy, which is now rare. The various symptoms are consistent with a lack of collagen, a protein critical for the structure of the extracellular matrix. Collagen contains hydroxyproline and hydroxylysine residues essential for its structural properties and these are formed post-translationally by peptidyl prolyl hydroxylase [133] . This enzyme is a 2-oxoglutarate dependent dioxygenase (2-ODD) with Fe in its active site. Ascorbate is an effective chaperone for this enzyme because, if substrate does not bind, the enzyme undergoes an uncoupled reaction cycle resulting in the active site Fe becoming stalled in a high oxidation state. Ascorbate reduces it back to Fe 2+ and restores activity [134, 135] . Other 2-ODDs synthesise carnitine and adrenaline/catecholamines which impact energy metabolism during the development of scurvy [8] . While ascorbate is the normal reductant and cannot be replaced [136, 137] there are some 2-ODDs in which glutathione can maintain activity [138] . Considering that 2-ODDs are present in prokaryotes that lack ascorbate, the enzymes may vary in likelihood of uncoupled reaction cycles occurring as well as ability to use a thiol reductant [137] . Presumably one electron reduction of Fe by GSH would produce a potentially damaging thiyl radical. 2-ODDs are involved in hydroxylation of HIF (hypoxia inducible factor). This provides an oxygen sensing mechanism in which high oxygen concentration increases hydroxylation of prolyl residues leading to ubiquitination and proteolytic degradation of HIF [137] . As noted above there seems to be variation between HIFs in the ability of GSH to replace ascorbate [137, 138] . Recently, in mammals an interest in ascorbate has received a boost by the recognition that 2-ODDs are involved in histone and DNA demethylation and therefore in the epigenetic regulation of gene expression [129] . TET (ten eleven translocation) proteins are 2-ODDs that convert 5-methylcytosine (5mC) to 5-hydroxy-methylcytosine (5hmC), 5-formylcytosine (5fC) and then 5-carboxylcytosine (5caC). 5fC and 5caC are then replaced by cytosine by base excision repair machinery [139] . Ascorbate, but not other antioxidants, increases TET-dependent 5hmC production and cytosine demethylation in mice embryonic stem cells leading to changes in development [136] . TET2 is involved in differentiation of haematopoietic stem cells (HSCs). In humans and Lgulonolactone oxidase mutant mice studies, ascorbate promoted TET2-dependent 5hmC formation allowing normal differentiation while ascorbate or TET2 deficiency allows HSCs to proliferate resulting in leukaemia [140] [141] [142] . Histone demethylation requires Jumonji C-domaincontaining histone demethylases, which are also ascorbate-dependent 2-ODDs, thereby providing a further means for ascorbate to influence gene expression [129, 139] . The possibility of ascorbate influencing cell differentiation and therefore cancer raises the question of the extent to which it might have a regulatory influence. The observation that HSCs contain very high ascorbate [141] raises the possibility that accumulation in specific cell types via high SVCT expression could control TET activity and differentiation. It also highlights the importance of ascorbate status in cell culture studies [129] .
Plants have numerous 2-ODDs involved in hormone synthesis (ethylene, abscisic acid, gibberellins) and degradation (IAA) and synthesis of a wide range of secondary compounds, including anthocyanins and glucosinolates [143] [144] [145] . Also, cysteine oxidase oxidises N terminal cysteines to mark proteins for degradation via the N-end rule [146] . Similarly to animals, plants have hydroxyproline containing extracellular matrix proteins such as extensin and type III peroxidases [147] . The question therefore arises if ascorbate deficient mutants suffer from scurvy-like symptoms. Measurement of hydroxyproline in hydrolysed cell wall pellets of wild type and vtc1 and vtc2 ascorbate deficient Arabidopsis mutants found no differences showing that decreasing ascorbate to 20% of normal does not affect proline hydroxylation [148] . However, ascorbate deficient mutants are impaired in high light-induced anthocyanin accumulation, a process requiring several 2-ODDs but this seems to be caused by impaired induction of anthocyanin biosynthesis gene expression suggesting an indirect effect of ascorbate on high light signalling [71] possibly through an influence on H 2 O 2 , since anthocyanin accumulation is also suppressed in a catalase mutant [149] .
Violaxanthin de-epoxidase (VDE)
Violaxanthin de-epoxidase (VDE) is a plant-specific enzyme in the lipocalin family which uses ascorbate as reductant in the de-epoxidation of the xanthophyll pigment violaxanthin to produce zeaxanthin [150] . The enzyme is localised on the lumen side of the thylakoid membranes in chloroplasts and is activated by the decrease in lumenal pH that results from photosynthetic electron transport. Zeaxanthin is involved in the process of non photochemical quenching (NPQ) which is essential for protecting photosynthesis from damage by intense light [151] . Excess excitation energy in the PSII light harvesting complexes is transferred to zeaxanthin, which is then able to dissipate this energy harmlessly as heat. Arabidopsis ascorbate-deficient vtc mutants are impaired in the speed and extent of NPQ development and zeaxanthin accumulation in high light and are more sensitive to photooxidative stress [152] [153] [154] [155] . As noted by Foyer and Lelandais [114] , the apparent lack of a transporter to move ascorbate into the thylakoid lumen suggests that a high ascorbate chloroplast stroma concentration is needed to maintain VDE activity. The possibility that a protein from a phosphate transporter family (PHT4;1) could be a thylakoid membrane ascorbate transporter requires investigation [118] .
Ascorbate oxidising and recycling enzymes

Ascorbate peroxidase (APX)
Ascorbate reacts with hydrogen peroxide with a rate constant of 2 M -1 s -1 [21] so the reaction will be slow under physiological conditions. Therefore, efficient H 2 O 2 removal by ascorbate requires catalysis and, while APX activity has been reported in a range of species, a haem peroxidase with high specificity for ascorbate is largely confined to green plants and photosynthetic protists [2] . For this reason ascorbate is not seen as a key player in H 2 O 2 removal in mammals. Plant APX has been very well reviewed recently [156] , so only a few points will be summarised here. Around eight APX genes occur in Arabidopsis, some being targeted to more than one location. In chloroplasts, there are two APXs, on in the stroma and the other associated with the thylakoid membrane near PSI. They are both sensitive to inactivation by H 2 O 2 compared to cytosolic isoforms, particularly if ascorbate concentration is low. This sensitivity is decreased by mutation of specific amino acid residues [157, 158] . The authors suggest that engineering plants with H 2 O 2 resistant chloroplast APXs could improve stress resistance, however an alternative view is that H 2 O 2 sensitivity enables H 2 O 2 to escape the chloroplast and act as a signal [159, 160] . APX is activated by nitrosylation and its activity is also affected by nitration and carbonylation, providing a potential for levels of RS to influence H 2 O 2 scavenging capacity [161] [162] [163] . Numerous studies with mutants and APX overexpressing plants have confirmed the important role of APX in protecting plants from oxidative stresses and have revealed reams of genes whose expression is changed [164] . Because there is a parallel set of multiple thiol peroxidase enzymes (peroxiredoxins and glutathione peroxidase-like), plants with multiple mutations are needed to assess their interacting functions [23, 24] . The expression of various APX genes is affected by environmental conditions and it is noteworthy that the Arabidopsis cytosolic forms (APX1 and APX2) are very responsive to high light and H 2 O 2 [156,165-167].
Dehydroascorbate reductase (DHAR)
Glutathione reduces DHA slowly under physiological conditions but the reaction is catalysed by a wide range of enzymes in plants and mammals. These include the plant glutathione-dependent DHARs (which are part of the glutathione S-transferase superfamily), glutaredoxin, thioredoxin (NADPH-dependent) and protein disulfide isomerase [168] [169] [170] [171] [172] [173] . Plants have multiple isoforms of GSH-dependent DHARs which are targeted to cytosol, chloroplasts, mitochondria and peroxisomes with K m values for DHA and GSH in the 0.1 and 5 mM range respectively [169, 172] . Crystal structures and reaction mechanisms have been proposed for the green plant enzyme [174] [175] [176] . Both suggest that an active site cysteine is converted to the sulfenic acid form due to oxidation by DHA, which itself is reduced to ascorbate. This reaction also requires input of one water molecule. Both studies show the substrate as the (very unstable) tri-carbonyl form of DHA, but it is generally accepted that it hydrates in solution to the bicylic hemiacetal form [6] and possibly the hydrated substrate supplies the necessary oxygen for sulfenic acid production. In this reaction mechanism, DHA is not covalently bound to the enzyme but, in liver glutaredoxin which reduces DHA to ascorbate with similar K m values to the plant DHARs, DHA is proposed to be covalently bound to the active site cysteine as a thiohemiketal intermediate [171] . Knockout mutants of Arabidopsis DHAR1 (cytosolic and peroxisomal), and 2 (cytosolic) and DHAR3 (chloroplastic) have little difference in total ascorbate (ascorbate + DHA) concentration until exposure to high light intensity. The GSH pool is less oxidised in the DHAR3 mutant (one allele only) under low or high light but only under high light in DHAR1 mutants, perhaps reflecting a greater rate of ascorbate oxidation in chloroplasts compared to cytosol in low light [177, 178] . In low light the oxidation state of the ascorbate pool (DHA/total ascorbate) is unaffected in DHAR mutants and is around 0.9, a value typical of a wide range of studies. Rather inexplicably this value decreases to 0.5 in HL treated plants in one study but not the other, but in either case wild type and mutants do not have a different ascorbate oxidation state. Along with greater loss of ascorbate in mutants during HL stress, this observation would suggest that DHA that is not reduced is degraded and lost to the ascorbate pool. In leaves, large proportions of DHA are probably only present under extreme conditions and furthermore, close examination of the literature suggests that DHA/total ascorbate increases as total ascorbate decreases, suggesting this ratio mostly represents a constant DHA concentration, possibly produced during extraction. The Arabidopsis DHAR1 and 3 mutants do clearly show that DHA recycling is required for tolerance to photo-oxidative stress. Studies with various plant species show increased ascorbate pool size, sometimes increased GSH, and improved tolerance to oxidative and related stresses (at least under laboratory conditions) when DHAR is over-expressed [179] [180] [181] [182] [183] [184] . Rice grain yield was increased by~15% under paddy field conditions in two seasons by over-expressing a rice DHAR [185] Stomatal guard cell closure is partly controlled by H 2 O 2 and DHAR over-expressing plants have more open stomata, suggesting improved H 2 O 2 removal is enabled [186] . Expression of DHAR in mammalian cells also influences ascorbate and oxidative stress tolerance [170] .
Monodehydroascorbate reductase (MDHAR)
MDHA is the initial product of the reducing activity of ascorbate and also exists as part of the equilibrium between ascorbate and DHA (Section 2). Its presence in vivo is confirmed by electron paramagnetic resonance spectroscopy which shows that it increases under stressful conditions [25, 187] . Plant MDHAR is a FAD-linked reductase and has a high affinity for MDHA, which it reduces to ascorbate, and has a strong preference for NADH over NADPH [188] . A recent crystal structure of rice MDHAR provides a structural basis for this preference [189] . Although MDHAR activity has been reported in animals, no specific proteins are characterised [190] and, with a few exceptions (e.g. choanoflagellates) the gene family is limited to green plants [2] . MDHAR is encoded by 5 genes in Arabidopsis, with predicted targeting to cytosol, chloroplasts, peroxisomes and mitochondria. Various forms are soluble or anchored to peroxisomal [191] and plasma membranes [168] . Although MDHAR activity is reported in the apoplast of barley [192] , none of the Arabidopsis proteins have predicted secretory sequences. While current reports on the consequences of manipulating MDHAR activity focus on ascorbate, there is evidence that it also reduces other radicals, for example phenoxyl radicals produced during oxidation of quercetin, ferulic acid, coniferyl alcohol and chlorogenic acid [193] . Recently, in an interesting twist, the toxicity of the explosive 2,4,6-trinitrotoluene (TNT) was shown to be dependent on mitochondrial MDHAR activity. Mutants in Arabidopsis MDHAR6 are more tolerant to TNT because they avoid reducing it to a radical which then autoxidises, generating superoxide [194] . Therefore, it is clear that MDHAR has wide substrate specificity and could be multifunctional, a possibility that should be considered when interpreting the results of over-expression experiments. Furthermore isoforms in different compartments could have different substrate preferences, as evidence by the specificity of MDHAR6 in TNT toxicity.
Ascorbate oxidase (AO)
Ascorbate oxidase (AO) is a blue copper oxidase which is glycosylated and secreted into the cell wall. It oxidises ascorbate with the production of water (Fig. 5 ) and also oxidises "Compound 1" (Fig. 4) , an unidentified breakdown product of DHA [195] . Consistent with its localisation in the apoplast, mutants with decreased AO activity have a more reduced apoplastic ascorbate pool while AO over-expression in tobacco oxidises apoplastic ascorbate with no effect on intracellular ascorbate oxidation state [196] [197] [198] [199] . Apoplastic ascorbate is involved in defence against ozone in some species and tobacco AO over-expressers are more susceptible [196] . It tends to have its highest activity in areas of cell expansion and there has been speculation that it influences cell expansion and hormone and redox signalling in the apoplast [200] [201] [202] [203] . Mutants and over-expression of the enzyme, however, have not provided a clear picture of its function. It is important to note that an Arabidopsis T-DNA insertion mutants and tobacco antisense lines with less than 20% of wild type AO activity exhibit subtle changes in growth or development [197, 199] . Therefore, either AO does not have a fundamental role in plant growth or this function can be supported by 20% of normal activity. Lowered AO however does manifest noticeable effects during stress treatments (for example ozone, salt, drought and pathogen challenge) so it may be important for plant growth in natural environments [199, 204] .
What have plant mutants in ascorbate metabolism revealed about its function?
In plants, mutants affected in ascorbate biosynthesis (e.g. vtc mutants in Arabidopsis), APX, MDHAR and DHAR have been characterised. Differences in the properties of biosynthesis and APX mutants (Section 8) could provide a tool to differentiate the functions of ascorbate itself (e.g. free radical removal, Fe nutrition, 2-ODDs) from its role in H 2 O 2 removal. The most useful biosynthesis mutants will be in the first dedicated step of the pathway (GDP-L-Gal phosphorylase) because they are least effected by disruption of cell wall metabolism and protein glycosylation. In Arabidopsis, GDP-L-Gal phosphorylase is encoded by two genes (VTC2 and VTC5) as described in the section on biosynthesis. The double vtc2 vtc5 mutant cannot grow after initial germination unless supplemented with ascorbate or its immediate precursors [205, 206] , showing that ascorbate is absolutely essential for plants. The challenge is to devise a strategy to identify which critical processes have failed in the double mutant: this has not yet been achieved. A simple explanation in relation to seed germination would be the large amount of H 2 O 2 generated by fatty acid β-oxidation for powering early growth of this oilseed. This is supported by the deleterious effect of a peroxisomal MDHAR mutant [191] . However, this effect is alleviated by growth on sucrose (which suppresses fatty acid utilisation) and the double mutation is still lethal on sucrose supplemented media. vtc2 mutants with~20% of wild type ascorbate grow nearly as well as WT [206] although the widely-used vtc2-1 allele is small [205, 207] . Its small stature can be separated from ascorbate deficiency by backcrossing suggesting that other mutations are responsible [206] . Since ascorbate is generally the most abundant primary metabolite in Arabidopsis leaves, the question of why its concentration can be decreased with such a small effect arises. The most likely explanation is that somewhere between 0% and 20% is needed to maintain basic functions so that larger amounts are not needed under benign laboratory conditions. When laboratory-grown plants are challenged by more stressful conditions, then vtc mutants start to display symptoms. They are more sensitive to high light, temperature extremes, salinity, ozone and a number of other stresses, particularly leading to photo-oxidative stress and, in extreme cases, cell death [75, 155, [208] [209] [210] [211] . Overall, it is clear that in leaves, ascorbate, in collaboration with the thiol system, has a role in protection against reactive oxygen species produced during photosynthesis [212] . Also, thylakoid lumen ascorbate is required for photoprotection via VDE activity (Section 7) and it can act as a electron donor to the photosystems when their function is damaged by stress [213, 214] . Outside controlled laboratory environments light intensity is higher, light and temperature fluctuate unpredictably in the short term, mineral nutrients and water supply vary and pests and pathogens are always present. Such conditions have perhaps selected for maintenance of a larger ascorbate pool than is needed for growth in benign conditions. However, an upper limit on ascorbate accumulation might be imposed by removal of H 2 O 2 or radicals needed as signals to maintain defences and growth. More specifically, ascorbate deficient vtc mutants have increased resistance to biotrophic pathogens such as Pseudomonas syringae. This is probably caused by increased H 2 O 2 in the mutants and mediated by salicylic acid, a hormone involved in basal immunity [215] [216] [217] [218] [219] . Conversely, low ascorbate increases sensitivity to Alternaria, a necrotrophic pathogen [220] . The upshot is that leaves may need to control ascorbate pool size to balance susceptibility to photo-oxidative stress and necrotrophic versus biotrophic pathogens.
Conclusions: what are the key functions of ascorbate and is it involved in signalling?
Ascorbate has a varied chemistry, enabling the following functions.
1. Detoxification of radicals via one electron reduction with formation of the unreactive and "harmless" MDHA radical. 5. Protect 2-oxoglutarate-dependent dioxygenases (2-ODDs) from inactivation by reducing active centre Fe. Impaired collagen synthesis is the most obvious symptom of scurvy. Recently, the recognition that 2-ODDs participate in histone and DNA modifications have resulted in the suggestion that ascorbate could "regulate" epigenetic control of gene expression.
Consistent with the above functions, ascorbate concentration is high in tissues in which dealing with a high flux of oxidants and free radicals, or where defence is critical. Examples are phagocytes (e.g. neutrophils), neurons and associated cells, the eye and photosynthetic cells. Consistent with a role in removing radicals, smokers in general require a higher daily intake of ascorbate to maintain its plasma concentration compared to non-smokers. Ascorbate is also high in the adrenal gland, which houses numerous 2-ODD-dependent biosynthetic pathways. These biochemical functions for ascorbate are clear but it is less clear if it can be considered to have a role in signalling, except in a very wide sense. If ascorbate has a direct role in signalling, then a sensing system is required and currently there is no compelling evidence for one. In plants, the closest is the hypothetical ascorbate-binding peptide that controls VTC2 expression [221] . E. coli has an ascorbate 6-P binding protein which controls its ascorbate catabolism operon [61] . The possibility that dehydroascorbylation of proteins by DHA (or its degradation products) could act as a regulatory post-translational modification was reviewed in an earlier section. An example is a mammalian protein kinase involved in NF-κB signalling which is inhibited by DHA binding [222] . These examples are very limited but, given that ascorbate status affects gene expression in both plants and mammals, it is more likely it does so by influencing H 2 O 2 [159] and free radical levels, which then affect thiol-based signalling [160] .
